Objective-The function of endogenous MMP-3 and its distribution within the human dentin is unclear. Thus, the aim of the present study was to assay the presence and distribution of MMP-3 within human sound dentin by means of biochemical and immunohistochemical assays.
INTRODUCTION
Matrix metalloproteinases (MMPs) are a family of Zn-and Ca-dependent enzymes, collectively called matrixins. MMPs are important components in many biological and pathological processes because of their ability to degrade all extracellular matrix (ECM) components (1) . Considerable advancements have been made in the understanding of biochemical and structural aspects of MMPs, including their activation, catalytic mechanisms and substrate specificity (1) . Since MMPs are claimed to play important roles in the development of caries and periodontal disease, extensive interest has been devoted to investigating the distribution and functions of host-derived MMPs within the oral environment (2, 3) . With regard to the tooth structure, several MMPs have been recently identified within the dentine-pulp complex. Clarifying their role and involvement during tooth development and in physiological or pathological processes may lead to the development of new treatment therapies for caries and periodontal disease.
Odontoblasts have been reported to synthesise MMP-2 and -9, MMP-8 and MMP-20 on completion of tooth formation (4) (5) (6) . Since non-specific collagenolytic and gelatinolytic activities (7) (8) (9) (10) as well as specific MMPs (MMP-2, -8, -9) (11) (12) (13) (14) have been found in mineralised dentine, it has been speculated that some MMPs that are involved in dentine formation may be trapped within the mineralised dentine. A recent immunohistochemical study performed with anti-MMP-2 and -9 monoclonal antibodies conjugated with colloidal gold nanoparticles revealed that gelatinases are endogenous constituents of the dentine organic matrix and are bound to the collagenous network (14) . In addition, MMP-8 was also identified biochemically (12) by different methods (i.e. Western blot and immunofluorescence) in human sound dentine. The latter was identified as the major collagenolytic enzyme in human dentine.
More recently, MMP-3, also known as stromelysin-1 or proteoglycanase, was shown to be present in demineralised human dentine (15) . However, as early as 1998, Den Besten and colleagues (16) had already identified the presence of MMP-3 in the predentine layer and inside the dentinal tubules of bovine molars. Subsequently, MMP-3 was also demonstrated in the odontoblasts of rat incisors (17) . When incubated with dentine organic matrix, MMP-3 was reported to be responsible for the degradation of the protein core of proteoglycans from glycosaminoglycans (GAGs). The resulted in the release of decorin, biglycan, small leucinerich proteins (SLRPs) as well as small integrin-binding ligand Nlinked glycoproteins (SIBLINGs) (i.e. dentin sialoprotein -DSP, matrix extracellular phosphoglycoprotein -MEPE, bone sialoprotein -BSP and osteopontin -OPN) (15) . Because of its potential cleavage activity on GAGs, MMP-3 has been thought to play a role in the organisation of the dentine matrix before mineralisation occurs during odontogenesis (16, 17) . Nevertheless, the function of endogenous MMP-3 and its distribution within human dentine remains unclear. Thus, the aim of the present study was to assay the presence and distribution of MMP-3 within sound human dentine using correlative biochemical, immunohistochemical and zymographical techniques.
MATERIALS AND METHODS
Reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise specified.
Dentine powder preparation
Eighteen extracted sound human third molars were obtained from anonymous subjects following their signed consent under a protocol approved by the University of Trieste. The teeth were stored in 0.9% NaCl containing 0.02% sodium azide at 4°C for no more than one month.
QuantiSir analysis
For each tooth, coronal dentine was harvested by removing the root, enamel, and residual pulp tissue fragments. Dentine powder was obtained from 12 teeth by pulverising the coronal dentine in liquid nitrogen with a steel mortar/pestle (Reimiller, Reggio Emilia, Italy). The fractured frozen dentine fragments were sieved through multiple screens to obtain a fine powder containing aggregates that were smaller than 150 µm in diameter. Ten aliquots of dentine powder (250 mg each) were obtained and randomly assigned to one of the following groups:
Group 1: Mineralised dentine powder was used as the control.
Group 2: The dentine powder was partially-demineralised with 1% phosphoric acid (H 3 PO 4 ) for 10 min by continuously stirring the mixture with a plastic spatula. The pH of the powder was adjusted to 7.0 with 4 M NaOH and centrifuged (Eppendorf MiniSpin Plus, Hamburg, Germany) at 14,000 rpm for 2 min. The supernatant was discarded and the precipitate was re-suspended in distilled water and centrifuged for 1 min. The water was discarded and the precipitate was finally left to air-dry at ambient temperature.
The QuantiSir™ gene knockdown assay system (Epigentek New York, USA) was used to quantify the amount of MMP-3 present in the mineralised and partially-demineralised dentine powder. This colourimetric assay system allows direct measurement of specific protein levels in cell or tissue lysates. In the assay, a tissue lysate (i.e. treated dentine) containing the target protein (i.e. MMP-3) is spotted on specifically treated microwells with a unique capture buffer. The spotted protein can be identified using a target-specific antibody and quantified colourimetrically through a chromogenic antibody reaction system. The kit consists of a series of buffers, developing and reaction-terminating solutions that are named Q1 to Q7, respectively.
The human recombinant MMP-3 proenzyme and the anti-MMP-3 monoclonal antibody used in the present study were purchased from Calbiochem (Inalco S.P.A, Milan, Italy). Horseradish peroxidase-conjugated anti-mouse secondary antibody was purchased from Bethyl Laboratories, Inc. (Montgomery, TX, USA).
Protein extracts were prepared from the partially-demineralised dentine powder using the extraction buffer (Q1) and diluted with the protein capture buffer (Q3) at a 1:1 ratio. Te microlitre of the diluted protein extract was added to the central area of each strip well in the 96-well plate of the QuantiSir kit. The strip wells were then incubated at 37 °C for 90 min and allowed to evaporate to dryness. The blocking buffer (Q4; 150 µL) was added to the dried wells and incubated at 37 °C for 30 min. After 3 washes with 1X of the washing buffer (Q2), 50 µL of the primary antibody (diluted to 1µg/ml in Q5 antibody buffer) was added to the centre of each strip and the wells were incubated at room temperature for 60 min on an orbital shaker. The strip wells were washed again 4 times and incubated with the secondary antibody (1:1000) for 30 min at room temperature.
After 5 washes in 1X washing buffer (Q2), 100 µL of the developing solution (Q6 detection antibody) were added to the wells and incubated in the dark at room temperature for 5 min. Colour development was monitored and the reaction was terminated by adding 50 µL of the reaction-terminating solution (Q7) to the wells.
All experiments were conducted in triplicate (N=3) and repeated five times. The optical density absorbance value of each well was read on a Minireader at 450 nm (Biorad, Segrate Milano, Italy) and the amount of MMP-3 detected (ng/µL) was calculated from a standard curve. The latter was constructed using purified MMP-3. As the data was normally distributed (Shapiro-Wilk test) and homoscedastic (Levene test), it was analysed with a oneway ANOVA and Tukey's post-hoc multiple comparison tests. Statistically significance was preset at = 0.05.
Caesin Zymography
Two aliquots of 1 g each of dentine powder were obtained as previously described and treated as follows. Group 1: untreated mineralised dentine powder; Group 2: dentin powder demineralized in 1% aqueous H 3 PO 4 for 10 min at 4°C and rinsed twice with distilled water. Zymographic analysis was performed using the method employed by Breschi et al. (18) .
Specifically, dentine powder from each group was suspended in 4 mL extraction buffer (50 mM Tris-HCl pH 6, containing 5 mM CaCl 2 , 100 mM NaCl, 0.1% Triton X-100, 0.1% nonionic detergent P-40, 0.1 mM ZnCl 2 , 0.02% NaN 3 ) and a EDTA-free protease inhibitor cocktail (Roche Diagnostics GmbH, Germany) for 24 h. The specimens were then centrifuged and protein extracts from the supernatant were precipitated with 25 wt% trichloroacetic acid (TCA) at 4°C. The TCA precipitates were re-dissolved in loading buffer (25% Trisma-HCl 1M pH 6.8, 8% w/v sodium dodecyl sulphate, 40% glycerol and distilled water). The total protein concentration of the extracts from each group was determined using the Bradford assay (18) . Dentine proteins were then submitted to electrophoresis under nonreducing conditions on 7.5% SDS-polyacrylamide gels copolymerised with 0.1% w/v casein sodium salt. Upon completion of the electrophoresis, activation of MMP pro-forms was achieved with 2 mM p-aminophenylmercuric acetate (APMA) for 1 h at 37 °C. The gels were incubated at 37 °C for 24 h in zymography incubation buffer (CaCl 2 , 5 mM, NaCl, 150 mM and tris-HCl, 50 mM, pH 8.0).
Negative control zymograms were incubated in the presence of 5 mM ethylenediamine tetracetic acid (EDTA) and 2 mM 1,10-phenanthroline to inhibit MMP-3 isoforms. Zymographic gels were stained in 0.2% Coomassie Brilliant Blue R-250 and destained.
Immunohistochemical identification of MMP-3
Mid-coronal dentine disks of 6 teeth were created with a low speed diamond saw under water irrigation (Micromet, Remet, Bologna, Italy), immersed in liquid nitrogen and cryofractured with a steel hammer to produce small, smear layer-free dentine fragments. Three major fragments from each tooth were selected under a stereomicroscope (Zeiss Stemi 2000-C, Carl Zeiss Jena GmbH, Zeiss Group, Jena, Germany), demineralised with 0.5 M EDTA pH 7.4 at 25°C for 30 min, extensively rinsed with distilled water and processed for a preembedding immunolabelling technique using a mouse IgG anti-human MMP-3 (Abcam, Cambridge, UK) monoclonal primary antibody (14, 19) .
In brief, specimens were immersed in a 0.05 M Tris-HCl buffer solution (TBS) at pH 7.6, pre-incubated in normal goat serum (British BioCell International, Cardiff, UK; dilution 1:20 in 0.05 M TBS at pH 7.6) at room temperature, and incubated overnight with the anti-MMP-3 primary antibody (dilution 1:100 in 0.05 M TBS at pH 7.6) at 4°C. After rinsing in 0.05 M TBS at pH 7.6, and 0.02 M TBS at pH 8.2, gold labelling was performed with a secondary antibody, goat anti-mouse IgG conjugated with 15 nm diameter colloidal gold nanoparticles (British BioCell International, Cardiff, UK; dilution 1:20) in 0.02 M TBS at pH 8.2 at room temperature. After immunostaining, specimens were rinsed in 0.02 M TBS at pH 8.2, fixed in 2.5% glutaraldehyde in 0.15 M cacodylate buffer at pH 7.2 for 4 h, rinsed in 0.15 M cacodylate buffer, dehydrated in ascending ethanol series (50%, 70%, 90%, 95%, 100%), and allowed to dry using hexamethyldisilasane (20) . The specimens were then mounted on SEM stubs and carbon-coated (Balzers Med 010, Bal-Tec AG, Liechtenstein) prior to observation with a high-resolution field-emission in-lens scanning electron microscope (FEISEM, JSM 890, JEOL Ltd., Tokyo, Japan) at 7 Kv and 1×10 −12 amp. Images were obtained using a combination of backscattered and secondary electron detectors.
Controls were processed in accordance with Mazzoni et al. (14) : 1) incubated overnight in 0.05 M TBS (pH 7.6) without the primary antibodies, then with the secondary antibody; 2) exposure to a proteolytic agent (5% sodium hypochlorite for 30 min followed by extensive rinsing with distilled water). Sodium hypochlorite was used to remove the organic matrix from the partially-demineralised dentine surface to confirm the absence of binding by primary and secondary antibodies.
RESULTS

QuantiSir analysis
The means and standard deviations of MMP-3 absorbance and levels recovered from mineralised and partially-demineralised dentine are listed in Table I . Statistical analysis revealed significant differences among groups (p<0.05). The amount of MMP-3 was 3.28 ng/µL in mineralised dentine (Group 1). The MMP-3 level in the partially-demineralised dentine powder (Group 2) was significantly decreased (2.73 ng/µL) compared to the levels obtained from mineralised dentine (Group 1).
Caesin Zymography
Detection of MMP activity by casein zymography is shown in Figure 1 . When dentine extracts were analysed by zymography, no enzymatic activity was found in proteins extracted from mineralised dentine (Group 1, Fig.1, Lane 1) . Zymograms of H 3 PO 4 -demineralised dentine extracts (Group 2, Fig.1, Lane 2) showed a 44 KDa band corresponding to the active form of MMP-3 and an additional band of approximately 71-75 KDa. No evidence of MMP-3 proform (54 KDa) was seen in either the mineralised or the demineralised dentine extracts. In addition, no bands at lower molecular weights that were suggestive of autolytic MMP degradation could be detected. Control zymograms incubated with 5 mM EDTA and 2 mM 1,10-phenanthroline showed no enzymatic activity (data not shown).
Immohistochemical analysis
The FEISEM analysis revealed positive immunolabelling patterns for MMP-3 due to the presence of gold nanoparticles conjugated with the secondary antibodies. The presence of MMP-3 in sound dentine appeared as electron-reflective spherical spots (white spots) approximately 15 nm in diameter (Fig. 2) . At low magnifications, MMP-3 was predominantly localised on the intertubular collagen fibrillar network and not in the dentinal tubules (Fig. 2a) . At higher magnifications, a well-defined collagen scaffold was evident where the gold particles appeared to be associated with the collagen fibrils of the demineralised dentine matrix (Figs. 2b, 2c ).
Control specimens revealed no immunohistochemical staining, confirming that no crossreactions had occurred between the secondary antibodies and the dentine organic matrix or with the inorganic phase (control #1 and #2 respectively; data not shown).
DISCUSSION
The results of the present study clearly revealed the presence and distribution of MMP-3 in human dentine using immunohistochemical and biochemical methods. The presence of MMP-3 in human dentine appears to be in conflict with previous reports of the absence of MMP-3 gene expression in mature odontoblasts performed with real-time quantitative PCR and the more sensitive nested PCR (6) . However, the sense nested PCR primer used in that study ("tccgagaaatgcagaagttc") has a high-end self complementarity, causing a hairpin structure when the nucleotides within the primer hybridise each other. This may have reduced the effectiveness of the PCR reaction and resulted in a low yield after the amplification procedure (V. Pääkkönen, personal communication). Conversely, MMP-3 expression was readily inducible in tissue-cultured mature odontoblasts (6) . Taken together, those results suggest that although the expression of MMP-3 is low, it is invariably present in normal mature human odontoblasts.
During tooth development, MMPs are known to play a fundamental role in the organisation of extracellular matrix components in association with tissue inhibitors of MMPs TIMP-1, -2, -3 (21, 22) . Both MMP-3 and TIMP-1 were identified within the predentine layer (16, 17) and inside the dentinal tubules where they may actively contribute to the formation of intratubular dentine (16, 17) . More recently, Bokupessi et al. (15) demonstrated the presence of MMP-3 in human demineralised dentine using Western blotting analysis. The results of the present study further contributed to the localization of MMP-3 within the threedimensional dentine organic matrix.
The Quantisir kit was specifically developed to detect protein expression and it is 10-fold more sensitive compared to Western blotting. This enabled us to detect very small amounts of MMP-3 even in challenging substrates such as human dentine. Using this method, we were able to quantify MMP-3 concentration in both mineralised and partially-demineralised dentine. The concentration of MMP-3 decreased after demineralisation by approximately 17% (Table I) . The result was similar to those reported in previous studies in that acidetching reduces the activity/presence of MMPs in mineralised dentine (10, 23) . In those studies, enzyme activity and/or the presence of MMPs in mineralised dentine were determined after the specimens were incubated in a buffer; no treatment was performed to extract unbound or loosely-bound enzymes using guanidine HCl (11, 12) . Indeed, part of the dentine gelatinases (MMP-2 and -9) and collagenase (MMP-8) are removed with protein extraction prior to demineralisation (11, 12, 24) .
The Quantisir results also indicate that a small amount (17%) of MMP-3 is present in the form of unbound protein, while the rest remains bound to mineralised matrix. As MMPs have previously been speculated to be involved in peritubular dentine formation (16, 17, 25) , MMP-8 is the most logical candidate to be responsible for the initial degradation of the intra/ peritubular collagen fibrils, especially because the majority of MMP-8 is located as unbound protein in the dentinal tubules (12) . Both MMP-2 and -9 that are present as unbound proteins (12, 24) would further contribute to the degradation of collagen (i.e. gelatin) in the intertubular dentine.
As a stromelysin, MMP-3 does not attack collagen but cleaves proteoglycans and glycoproteins such as laminin and fibronectin. The enzyme is thought to release bound TGFfrom the extracellular matrix (26) . Thus, MMP-3 activity was evaluated in the present study using casein zymograms instead of gelatin zymograms. Zymography analysis of dentine powder demonstrated the presence of the active form of MMP-3 (44 KDa) only in the demineralised dentine powder. These results clearly indicate that although mineralised dentine may contain more MMP-3 when compared with demineralisd dentine (Quantisir analysis), the proteolytic activity of MMP-3 is only apparent in demineralised dentine. In addition, zymography of demineralised dentine revealed a band of approximately 71-75 KDa. Although the exact correspondence of this band is unknown, we speculate that this band may represent a MMP-9 active form or MMP-2 pro-form, since casein zymography can also detect MMP-2 and MMP-9 (27) .
As intact proteoglycans can inhibit mineralisation, it is possible that MMP-controls mineralisation by degradation of proteoglycans (17) . Degradation of proteoglycans near the mineralisation front may be a necessary step before mineral deposition occurs (28, 29) . Alternatively, MMP-3 may participate in the activation of MMP-9 by degrading the MMP-9/proteoglycans complex that is thought to stabilise and prevent MMP-9 activity (30) . This chain of events may be responsible for the physiological increase in the mineral content of dentine with ageing and narrowing of the dentinal tubule lumen over time. These events may contribute to the degradation of dentine matrix components in carious lesions (31) .
Unlike bone, mineralised dentine does not undergo significant restructuring. Nevertheless, predentin and non-mineralised dentin inside the dentinal tubules are likely to be modified in response to the functional demands and maintenance of odontoblast attachment. The mechanical properties of dentin (i.e. flexural strength and resistance to fatigue) decrease significantly with age, and changes in intertubular collagen matrix have been suggested to contribute to these structural responses (32) . We speculate that the MMPs (i.e. MMP-2, -3, -8, -9) that have already been identified in dentine (11) (12) (13) 15 ) may act in concert to slowly modify the structure and mechanical properties of the mineralised dentine caused by physiological and pathological processes. Casein zymogram of MMPs from dentine extracts after sonication, TCA precipitation, resuspension and activation with 2 mM APMA for 1 hour. Relative molecular masses, expressed in kDa, are reported in Std lane. Lane 1: absence of any enzyme activity in proteins extracted from mineralised dentine powder (Group 1); Lane 2: identification of MMP-3 active form (44 KDa) in phosphoric acid-demineralised dentine (Group 2). A band of approximately 71-75 KDa was also evident. Field emission in-Lens SEM (FEI-SEM) micrographs of un-fixed, partially-demineralised dentine after a pre-embedding immunolabelling procedure with monoclonal antibody for MMP-3. All images were obtained by a combination of secondary electron and backscattered electron signals to simultaneously reveal immunogold labelling and related substrate morphology. Labelling can be identified as electron-dense white spots (arrows). Fig. 2a : Low magnification (30,000 ×) of the partially-demineralised dentine surface showing a patent dentinal tubule (DT) and the porous intertubular dentine (ITD). MMP-3 labelling is mainly identified within the intertubular dentine. 
